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license (http://creativecommons.org/licenses/by/3.0/)Although in anurans the predominant mode of intra- and intersexual communication is vocalization,
modalities used in addition to or instead of acoustic signals range from seismic and visual to chemical. In
some cases, signals of more than one modality are produced through or by the anuran vocal sac.
However, its role beyond acoustics has been neglected for some time and nonacoustic cues such as vocal
sac movement have traditionally been seen as an epiphenomenon of sound production. The diversity in
vocal sac coloration and shape found in different species is striking and recently its visual properties have
been given a more important role in signalling. Chemosignals seem to be the dominant communication
mode in newts, salamanders and caecilians and certainly play a role in the aquatic life phase of anurans,
but airborne chemical signalling has received less attention. There is, however, increasing evidence that
at least some terrestrial anuran species integrate acoustic, visual and chemical cues in species recogni-
tion and mate choice and a few secondarily mute anuran species seem to fully rely on volatile chemical
cues produced in glands on the vocal sac. Within vertebrates, frogs in particular are suitable organisms
for investigating multimodal communication by means of experiments, since they are tolerant of
disturbance by observers and can be easily manipulated under natural conditions. Thus, the anuran vocal
sac might be of great interest not only to herpetologists, but also to behavioural biologists studying
communication systems.
© 2014 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).Enormous signal diversity can be observed in animal commu-
nication systems. Physiological mechanisms are adapted over
evolutionary time to generate and receive signals in various mo-
dalities (Bradbury & Vehrencamp, 2011). The courtship signals of
acoustically communicating insects are produced by various
stridulation processes (Gerhardt & Huber, 2002). In crickets, for
example, the acoustic signals are generated by stridulation of the
forewings, and the harp, a triangular anterior wing structure, acts
as a sound oscillator and radiates an ampliﬁed narrow frequency
band of the produced sound (Prestwich, Lenihan, & Martin, 2000).
Anolis lizards rely almost entirely on visual signals; their colourful
throat display advertises position, repels males and attracts female
mates and habitat light conditions are suggested to promote signal
diversity (Leal & Fleishman, 2004). Chemical signals of salaman-
ders, pheromones produced by ‘mental’ chin glands, considerably
increase a female's willingness to mate (Houck & Reagan, 1990; see
also Vaccaro, Feldhoff, Feldhoff, & Houck, 2010). Similar signals can
be found in anuran amphibians, although the predominant mode of
intra- and intersexual communication is vocalization (Dorcas, Price,na, Department of Integrative
arnberger).
of The Association for the Study o
.Walls, & Barichivich, 2010; Gerhardt & Huber, 2002; Ryan, 1985). It
is reasonable to infer that advertisement calls of frogs, which attract
females and signal readiness to defend territories to male oppo-
nents, were shaped over time through natural and sexual selection
as by-products of breathing. However, during the last few decades,
our view of anuran communication has broadened considerably.
Anurans exhibit a striking diversity of communication strategies in
the acoustic, visual, seismic and chemical domains, many of which
are directly related to the so-called vocal sac, a morphological
feature of most male frogs and toads (Liu, 1935).
This review aims to highlight the diversity of vocal sac
morphology and function and its potential role as a ‘multimodal
signalling tool’ in anuran communication. We further emphasize
chemosignals as an additional and yet rarely investigated sensory
modality in terrestrial anurans.THE TRADITIONAL VIEW OF THE VOCAL SAC
Prior to producing a call, frogs and toads ﬁll their lungs with air.
With the mouth closed and nostrils open, they inhale by lowering
the ﬂoor of the mouth, creating a negative pressure, and air ﬂows
into the oral cavity. The nostrils subsequently close and the ﬂoor of
the mouth is lifted to push the air into the lungs. The ventilationf Animal Behaviour by Elsevier Ltd. This is an open access article under the CC BY
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facilitate call production. As amphibians lack ribs as well as a dia-
phragm and therefore are unable to passively inﬂate their lungs, the
necessity of this procedure is apparent (Gans, 1970). Finally, to
produce a call, an individual contracts its trunk muscles and air
from the lungs ﬂows via the vocal chords into the oral cavity. The
airﬂow makes the vocal chords vibrate and a sound is produced. If
frogs exhaled with each call, the lungs would rapidly be emptied
and the calling individual would have to pause and again initiate
the ventilation cycle. However, frogs may call for several minutes or
even hours without pausing. Thus, for example, during the
breeding season the New River tree frog, Trachycephalus hadroceps,
is capable of producing up to 38000 calls per night (Gaucher, 2002).
This tremendous calling performance can only be achieved through
an elastic skin pouch connected to the ﬂoor of the mouth which can
store the air and use mechanical energy to push the air back into
the lungs: the so-called vocal sac (Gans,1973;Martin&Gans,1972).
The anuran vocal sac probably evolved in response to selection
for increasing calling efﬁciency (Bucher, Ryan, & Bartholomew,
1982; Pauly, Bernal, Rand, & Ryan, 2006). However, enabling a
male to recycle air during calling is not the only way the vocal sac
improves calling ability. Apart from fast lung reinﬂation it mini-
mizes the loss of sound energy by decreasing the impedance
mismatch between the frog's body cavity and its environment, in-
creases the call rate and distributes sound waves omnidirectionally
(Bucher et al., 1982; Pauly et al., 2006; Rand&Dudley,1993). Calling
with the mouth closed rather than open reduces the frequency
range, hence narrows the bandwidth of a call and increases the
intensity at the dominant frequency (Gridi-Papp, 2008). Thereby
the vocal sac facilitates energetic effectiveness and acoustic
conspicuousness, and is thereby also a species-speciﬁc advertise-
ment signal.
FIRST HINTS OF A MORE COMPLEX FUNCTION
In frogs and toads, male advertisement calls play an important
role in species recognition, mate choice, male spacing and territory
defence (and see Toledo et al., 2014; reviewed in Wells, 1977, 1988).
Thus, vocal sac movement has traditionally been seen as an
epiphenomenon of call production (Dudley & Rand, 1991; Rand,
1988). Although the pulsation of the vocal sac can be interpreted
as a necessary by-product of vocalization, there is increasing evi-
dence that the visual properties of the vocal sac inﬂuence receivers
and, combined with acoustic signals, form a ﬁxed composite signal
(sensu Partan &Marler, 2005). The vocal sac was ﬁrst incorporated
into the multimodal signal as a cue; however, colour variations and
patterns could provide reliable indicators about the attributes of a
sender (Gomez et al., 2009; Richardson et al., 2010; e.g. Vasquez &
Pfennig, 2007) and might lead to an enhanced signal to noise ratio
(Gerhardt & Schwartz, 2001).
Conspicuous white speckles on the otherwise black vocal sac of
Dendrobates pictus clearly increase the visibility of a calling male to
the human observer in a highly structured environment (H€odl,
1991). The ﬁrst evidence that the pulsating vocal sac of a calling
male frog might be used as a visual cue by conspeciﬁcs comes from
the diurnal dart-poison frog, Allobates femoralis (Narins, H€odl, &
Grabul, 2003). Male A. femoralis are highly territorial and show a
stereotypic phonotaxis towards rival males calling within their
territory. The phonotactic approach behaviour can be elicited by
just the advertisement call and territory holders reliably locate the
sound source in search of the intruder. When presented with
species-speciﬁc advertisement call playbacks and a lifelike male
model frog, conspeciﬁc males approached the speaker and showed
no aggression towards the artiﬁcial intruder. Territory holders
similarly showed no aggressive response when presented withexclusive vocal sac pulsations; however, temporally overlapping
dynamic bimodal cues provoked ﬁghting behaviour (Narins et al.,
2003; Narins, Grabul, Soma, Gaucher, & H€odl, 2005). Hence,
conspeciﬁc vocalizations in A. femoralis elicit a phonotactic
response and antiphonal calling but are not sufﬁcient to provoke
physical aggression. de Luna, H€odl, and Amezquita (2010) showed
in a follow-up study that movement not only of the inﬂated vocal
sac but also of a robotic frog model provoked territorial aggression
in males of A. femoralis.
Similarly, the Kottigehar dancing frog,Micrixalus kottigeharensis
(previously Micrixalus saxicola), a so-called foot-ﬂagging species
that performs leg waves during agonistic male interactions, only
displays this behaviour in response to conspeciﬁc calls accompa-
nied by vocal sac inﬂation. The visual cuewas suggested to improve
detection and discrimination of acoustic signals by making them
more salient to receivers amid complex biotic background noise
(Preininger et al., 2013).
In the East African stream frog, Phrynobatrachus krefftii, the
conspicuous yellow vocal sac functions as a dynamic visual signal in
maleemale agonistic interactions even without calls being pro-
duced. The nonaudible vocal sac inﬂation used during maleemale
agonistic interactions might be a ritualized visual signal compara-
ble to the colourful dewlaps of male Anolis lizards (Fitch & Hillis,
1984; Leal & Fleishman, 2004) or the striking red throat pouch in
male great frigatebirds, Fregata minor (e.g. Juola, McGraw, &
Dearborn, 2008).
Even in nocturnal species the vocal sac can be an important
visual cue. Túngara frogs, Engystomops pustulosus, are visually
sensitive at night (Cummings, Bernal, Reynaga, Rand,& Ryan, 2008)
and females show a preference for advertisement calls synchro-
nized with vocal sac inﬂation in video playbacks (Rosenthal, Rand,
& Ryan, 2004) and robotic frog experiments (Taylor, Klein, Stein, &
Ryan, 2008). Although the advertisement calls are sufﬁcient for
mate attraction, females assess multimodal stimuli during court-
ship. Likewise, females of the nocturnal European tree frog, Hyla
arborea, prefer conspicuous colourful vocal sacs in addition to calls,
suggesting that carotenoid-based vocal sac coloration might be a
condition-dependent cue in this species (Gomez et al., 2009;
Richardson, Popovici, Bellvert, & Lengagne, 2009). The availability
of the vocal sac as a visual cue makes even an unattractive call with
a slow call rate more appealing to females of Hyla squirella; how-
ever, the same result does not hold for the túngara frog, and hence
added visual cues show differential modulation in female choice
(Taylor, Klein, & Michael, 2011). In males of the explosively
breeding common frog, Rana temporaria, the reﬂectance of the
throat increases during the breeding season. The luminance of male
throats, however, does not correlate with size, body condition or
quality and has been suggested to be a nuptial visual cue for sex
recognition in dense breeding aggregations (Sztatecsny, Strondl,
Baierl, Ries, & H€odl, 2010).
Disentangling the inﬂuence that visual cues of the multimodal
signal may have on receivers remains difﬁcult. However, detailed
investigations of isolated and combined signal properties show
communalities and differences between species and taxa and lead
to a better understanding of not only anuran communication, but
generally also of signal perception in the animal kingdom.
Moreover, the movement of the vocal sac during calling can act
as a vibrational or seismic cue. In the mostly ground-dwelling
white-lipped frog, Leptodactylus albilabris (Lewis et al., 2001)
vocal sac inﬂation against the ground produces substrate-borne
vibrations and therefore additional seismic signals to overcome
the acoustic noise of a heterospeciﬁc chorus (and see Caldwell,
Johnston, McDaniel, & Warkentin, 2010; Cardoso & Heyer, 1995).
The examples given above highlight the diversity in vocal sac
utilization as a visual cue or signal and yet suggest that several
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answered.Figure 2. Male cinnamon-bellied reed frog, Hyperolius cinnamomeoventris, with
inﬂated vocal sac. The gular gland and prominent blood vessels are clearly visible in
the centre of the vocal sac.VOCAL SAC DIVERSITY SUGGESTS UNEXPLORED FUNCTIONS
A striking diversity of vocal sac shape, size and colour can be
found in frogs and toads (Fig. 1). A single subgular vocal sac seems
to be the most commonly found vocal sac type (Wells, 2007);
however, a similar shape does not imply a similar function.
Males of the European ﬁre-bellied toad, Bombina bombina, have
a subgular vocal sac, but produce sounds in the inspiratory phase.
After every call their head hits the water surface thus generating
waves which may be used in seismic communication (see Seidel,
Yamashita, Choi, & Dittami, 2001). In Bombina orientalis calls are
very soft, vocal sac inﬂation is not conspicuous and females use
multimodal cues to approach a male in the water (Zeyl & Laberge,
2011). The density of water is similar to the density of the calling
animal, whichmight lead to reduced vocal sacs or even to a lack of a
vocal sac such as in the African clawed frog, Xenopus laevis, which
calls underwater (Hayes & Krempels, 1986; e.g. Tobias et al., 2004).
However, many species calling inwater seem to have developed the
opposite strategy by using two vocal sacs (e.g. Pelophylax spp.,
Trachycephalus spp.) which might facilitate ﬂoating in water and/or
better airborne sound transmission (Wells, 2007). Such secondary
sensory components can lead to risky consequences as recently
shown in túngara frogs: water ripples produced by vocal sac
inﬂation facilitate the localization of a calling male not only for
conspeciﬁcs, but also for hunting bats, Trachops cirrhosus (Halfwerk,
Jones, Taylor, Ryan, & Page, 2014).
Furthermore, there is increasing evidence that the vocal sac
might also play a role in chemical signalling. In the family of African
reed frogs (Hyperoliidae) there is substantial variation in body
coloration, morphology and reproductive modes, but males of all
reed frog species share a common feature: a prominent gular patch
on the vocal sac, which is particularly conspicuous once the vocalFigure 1. Examples to illustrate the striking vocal sac diversity of amphibians (from left to
row: Micrixalus kottigeharensis, Hyperolius cinnamomeoventris, Hyla meridionalis; third row:sac is inﬂated (Fig. 2). Although the presence, shape and form of the
gular patch arewell-known diagnostic characters for these frogs, its
function remained unknown until recently. Starnberger et al.
(2013) demonstrated that the gular patch is a gland (Fig. 3) and
produces species-speciﬁc volatile compound mixtures, which
might be emitted while the male is calling. In the most species-rich
hyperoliid genera (Afrixalus, Heterixalus, Hyperolius and Phlycti-
mantis) the proposed signal cocktails consist of 65 different com-
pounds, whereas speciﬁc combinations of sesquiterpenes, alcohols
and macrolides are correlated with species identity (Starnberger
et al., 2013). Additionally, a surprisingly high contrast between
the gular patch and the surrounding vocal sac skin makes the gland
stand out from its background and might serve as a visual cueright). First row: Leptopelis uluguruensis, Bufo granulosus, Dendrobates pumilio; second
Hylodes phyllodes, Trachycephalus coriaceus, Allophryne ruthveni.
Figure 3. Histological section of the gular region of a male Hyperolius riggenbachi (sagittal, AZAN stain) including tongue (T) magniﬁed by 40. The gular gland (G) tissue is clearly
thicker than the surrounding vocal sac skin (V). A strand of connective tissue (C) joins the gular gland and the ﬂoor of the mouth (F).
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(I. Starnberger, own observations). Thus, reed frogs might use a
complex combination of acoustic, visual and chemical signals in
species recognition and mate choice, so far not described in any
other terrestrial anuran. Hyperoliids often call in mixed choruses
with closely related species without an apparent spatial segrega-
tion (L€otters et al., 2004; Schiøtz, 1999), and multimodal signals
might have evolved to avoid mismating and to facilitate navigation
towards a conspeciﬁc mate in dense vegetation. In one genus of the
family Hyperoliidae, R€odel, Kosuch, Veith, and Ernst (2003)
described two mute species which may rely solely on chemical
communication via their gular glands. Several further behavioural
observations suggest chemical communication in a different social
context. For example, in Fausto's button frog, Cycloramphus faustoi,
males were observed to rest their vocal sac on egg clutches,
possibly to transmit pheromones that inﬂuence larval development
(L.F. Toledo, personal communication). In Canebrake frogs, Aplas-
todiscus perviridis, males rest their vocal sac on females suggesting
pheromone transmission during courtship (Haddad, Faivovich, &
Garcia, 2005).
Apart from the use of the anuran vocal sac, unimodal chemical
signalling is widespread in amphibians but has received relatively
little attention in the vast ﬁeld of anuran communication
(Starnberger, Preininger, & H€odl, 2014). The following section gives
a brief overview of the chemical communication strategies of am-
phibians and of the use of chemosignals in aquatic and terrestrial
environments.
CHEMICAL SIGNALLING IN AMPHIBIANS
Most amphibians have a biphasic life cycle, hence spend part of
their life in water and because of their often thin and permeable
skin (Duellman & Trueb, 1986) it seems reasonable that chemical
signals might play an important role at least in the early stages of
amphibian life histories (e.g. Jungblut, Pozzi, & Paz, 2012; Schulte
et al., 2011). In aquatic and terrestrial urodeles, there are many
well-known cases of chemical communication. Different skin
glands in newts (Hilton, 1902; Malacarne & Giacoma, 1986; Treer
et al., 2013) and salamanders (Baird, 1951; Fontana, Ask,
Macdonald, Carnes, & Staub, 2006; Noble, 1929; Truffelli, 1952)
release chemosignals and are used to recognize and locate partners
during courtship and mating as well as opponents in territorial
defence (reviewed in Woodley, 2010). Whereas chemical commu-
nication is without doubt the dominant sensory modality in uro-
deles, little is known about the behaviour and communication ofthe vastly understudied amphibian group of caecilians (Eisthen &
Polese, 2007; but see Reiss & Eisthen, 2008). A communication
system based on chemosignals is suggested not only by their
nocturnal and fossorial life (Waldman & Bishop, 2004), but also by
the paired tentacle, an organ connected to the vomeronasal organ
(Schmidt &Wake, 1990), and studies on waterborne chemical cues
that attract conspeciﬁcs (Warbeck, Breiter, & Parzefall, 1996) and
facilitate mate recognition (Warbeck & Parzefall, 2001).
In anuran amphibians, several tadpoles are able to detect
chemical cues from predators (reviewed in Chivers & Smith, 1998;
e.g. Pearl, Adams, Schuytema,&Nebeker, 2003) and chemical alarm
stimuli from injured conspeciﬁcs (e.g. Hews, 1988; but also see
Summey & Mathis, 1998). There are few reported cases of phero-
mones in adult aquatic frogs and toads. The silent and nocturnal
tailed frogs, Ascaphus truei, live alongside noisy stream habitats,
similar to foot-ﬂagging species. Tailed frogs that were exposed to
water previously containing reproductive males or females showed
a preference for chemosignals of the opposite sex which suggests
chemical mate recognition (Asay, Harowicz, & Su, 2005). Wabnitz,
Bowie, Tyler, Wallace, and Smith (1999) found that female
magniﬁcent tree frogs, Litoria splendida, are attracted towards the
male by ‘splendipherin’, an aquatic pheromone produced only by
males in glands found on the head. Males of the mountain chicken
frog, Leptodactylus fallax, secrete an aggression-stimulating peptide
that provokes aggressive behaviour in males and has no effect on
females (King, Rollins-Smith, Nielsen, John, & Conlon, 2005). In
African clawed frogs (Hymenochirus sp.) females tested in Y-maze
experiments showed a clear preference for water containing ho-
mogenized male postaxillary breeding glands or water previously
containing live males (Pearl et al., 2000). The chemicals found in
L. splendida, L. fallax and in Hymenochirus sp. are peptides and
therefore can only be spread passively in water, but not as airborne
chemical cues on land (Houck, 1998, 2009; Rajchard, 2005).
The above-mentioned studies demonstrate chemical commu-
nication as a relevant signal modality of anurans in the aquatic
environment in varying social contexts.
A wide range of aquatic and also terrestrial anurans use chemical
cues for navigation (Schulte et al., 2011; Sinsch, 1990) and predator
detection (Flowers & Graves, 1997), which leads to the assumption
that many species have the physiological and anatomical ability to
produce and detect chemical signals also during terrestrial life
phases (Byrne & Keogh, 2007; Woodley, 2010). During meta-
morphosis, the transition from water to land, anurans undergo
changes in the olfactory system (Belanger & Corkum, 2009) strongly
suggesting a difference in odorant access. Recent investigations
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basal anuran species (A. truei) denote the ability to receive airborne
as well as waterborne odours (Benzekri & Reiss, 2012). Belanger and
Corkum (2009) described that in adult anurans the nasal cavity is
capable of aquatic and terrestrial chemosignal reception. Water-
borne signals are detected by the vomeronasal organ, whereas
airborne odorants are processed via the principal chamber.
As for volatile signal generation, many authors have speculated
on the possible use of the skin glands present in males of many
terrestrial anurans. Chemical communication via skin secretions
seems to be most likely in a sexual context owing to a male's direct
contact with the female duringmating (i.e. amplexus; Lenzi-Mattos
et al., 2005; R€odel et al., 2003; e.g. Thomas, Tsang, & Licht, 1993).
But to the best of our knowledge, there are only two reported cases
of pheromone communication in terrestrial anurans. In the
Australian toadlet, Pseudophryne bibronii, males call when hidden
in the leaf litter at night and secrete an odorous mucus produced by
dorsal, axillary and postfemoral skin glands which is likely to help
females in close-range mate localization and signiﬁcantly in-
ﬂuences male calling activity (Byrne & Keogh, 2007). In Mantellid
frogs native to Madagascar, males have prominent femoral glands,
which produce volatiles possibly acting as species-speciﬁc phero-
mones (Poth, Peram, Vences, & Schulz, 2013; Poth, Wollenberg,
Vences, & Schulz, 2012).
The use of pheromones in anuran species recognition and mate
choice might be a widespread phenomenon, since all amphibians
seem to possess a general predisposition towards the use of
chemical cues (Waldman & Bishop, 2004) and since chemosignals
can usually be produced at low cost (Hedin, Maxwell, & Jenkins,
1974).
Chemosignal transmission in amphibians has been suggested to
occur predominantly in close-range interactions via direct contact
or as short-range signals when released into water. One dispersion
method is to release the odorants into a self-generated current
(Bradbury & Vehrencamp, 2011) as performed by newts when
ﬂicking their tail during underwater courtship. Similar dispersion
might be achieved by vocal sac pulsations which potentially fan out
volatiles produced by a gular gland or even discharge a puff with
each call. Without doubt, constraints such as wind could easily
disturb the distribution of airborne chemical cues and therefore
their localization by receivers. However, environmental conditions
in the breeding swamps of calling reed frogs (i.e. high temperatures
and humidity as well as elevated perching sites) would facilitate (at
least) airborne short-range transmission. Thus, the inevitable vocal
sac movement during calling could, apart from its visual signal
content, serve to disperse chemical signals. Frogs and toads may
possess more sophisticated chemical communication strategies
than science has previously given them credit for, in addition to or
instead of acoustic signals. To date, chemical communication in
anurans has been overlooked by most studies (Belanger & Corkum,
2009; Houck, 1998, 2009; Waldman & Bishop, 2004; Woodley,
2010), probably because of the presence of more conspicuous sig-
nals (e.g. acoustic and visual) or overly costly and elaborate ana-
lyses necessary to investigate pheromones.
GUIDELINES FOR FUTURE RESEARCH
Females as well as males of many anuran species are confronted
with the challenge of detecting, locating and discriminating
conspeciﬁc males in breeding aggregations (Bee & Micheyl, 2008;
Richardson & Lengagne, 2010) or environments that hamper
propagation and transmission of acoustic signals (Boeckle,
Preininger, & H€odl, 2009; Kime, Turner, & Ryan, 2000; Wells &
Schwartz, 1982). Generally, signals should evolve to maximize the
signal to noise ratio and to improve efﬁcacy. Any signal detectabilitydepends on signal design, environmental conditions or the capacity
of the medium used to transmit a signal and of course on the re-
ceiver's sensory system (Endler, 1992, 1993; Shannon, 1948). The
use of multiple signal modalities, where each modality increases
efﬁcacy under speciﬁc conditions, can enhance signal conspicu-
ousness in a variety of sensory modes (Ryan& Keddy-Hector, 1992).
Misinterpreting or missing a signal is probably related to high costs.
Thus a selective pressure could lead to the use of additional or
alternative sensory signal modalities (Krebs & Dawkins, 1984).
Furthermore, the combination of an unattractive acoustic signal
and an unattractive visual signal can result in a highly attractive
multimodal signal (Taylor & Ryan, 2013).
The anuran vocal sac seems likely to play a role in multimodal
signalling in many more species than previously thought. Future
studies should focus on describing and empirically testing the
diverse functions of the vocal sac in different anuran taxa.
Furthermore, there might be patterns of signal modalities and
morphological features (e.g. vocal sac size) related to certain
environmental conditions or habitat features (diurnal versus
nocturnal, arboreal versus terrestrial versus aquatic, cue received
by males, females and/or heterospeciﬁcs). To shed light on signal
function, more across-species comparisons of how single and
combined signal components inﬂuence receivers are needed.
Furthermore, detailed descriptions of the conditions in which sig-
nals are produced are essential to draw more general conclusions
on vocal sac signal function. Finally, we should question the con-
straints of different modalities and therefore the costs imposed by
sexual or natural selection, to explain differences and similarities of
this multimodal communication tool. Moreover, the majority of
descriptions of amphibian glands involved in chemical courtship
and mating signals lack information on the structure of the glands.
This information would allow for more speciﬁc hypotheses on the
origin and function of the glands described.
What Amphibians Have to Offer Research on Chemical
Communication
Within vertebrates, amphibians possess a rather basal nervous
system leading to a mostly stereotypic behaviour (but see for
example Pasukonis, Loretto, Landler, Ringler, & H€odl, 2014; Schulte
et al., 2011). Amphibians in general and frogs in particular are
excellent model organisms to experimentally investigate commu-
nication strategies both in the laboratory and under natural con-
ditions, as they are tolerant to disturbance by observers and can be
easily manipulated (Hirschmann & H€odl, 2006; Klein, Stein, &
Taylor, 2012; Narins et al., 2003; Taylor et al., 2008).
Amphibians show a vast diversity in reproductive modes (e.g.
H€odl, 1990) and owing to their adaptations to aquatic and terres-
trial habitats we can expect insights into the evolution of chemical
signals in water and on land (reviewed in Woodley, 2014).
To date, a number of amphibian pheromones have already been
identiﬁed (Kikuyama, Yamamoto, Iwata,& Toyoda, 2002; Poth et al.,
2012; Toyoda et al., 2004; Wabnitz et al., 1999), but in comparison
to the vast number of amphibian species worldwide (nearly 7300),
these are probably only the tip of the iceberg.
CONCLUSION
The vast diversity of anuran vocal sacs suggests a multitude of
different functions in intra- and intersexual communication shaped
over evolutionary time by natural and/ or sexual selection. The
modalities used in addition to or instead of acoustic signals range
from seismic and visual to chemical. The vocal sac, a single
morphological feature, has the potential to generate multimodal
signals simultaneously or sequentially. Signals of the same
I. Starnberger et al. / Animal Behaviour 97 (2014) 281e288286modality might be directed towards and perceived by one or more
conspeciﬁcs and heterospeciﬁcs. Furthermore, even signals shaped
under similar evolutionary constraints may inﬂuence receivers
differentially. Thus, the anuran vocal sac might be of great interest
not only to herpetologists, but also to behavioural biologists
investigating unimodal or multimodal communication in the
acoustic, visual or chemical domains. Amphibians are highly suit-
able organisms to study chemical unimodal and multimodal sig-
nalling in a basal system. The focus of chemical signal research in
amphibians, however, used to be mainly on urodeles. In anurans
the salient acoustic and visual signals might to a certain extent have
deﬂected our attention from equally fascinating chemical signalling
strategies. Possibly, terrestrial anurans might have lost once-
present chemical signals owing to the evolutionary success of
acoustic communication. In some species acoustics might not have
been sufﬁcient, and thus chemical signals were ‘rediscovered’ and
incorporated into a multimodal signal or in some species even fully
replaced acoustic signals.
In this review we hope to have stimulated researchers to
investigate potential chemical signals in anuran communication
systems and to recognize the vocal sac as a unique multimodal
signalling tool.Acknowledgments
We thank L. F. Toledo for sharing his knowledge of extraordinary
vocal sacs throughout the world, N. Haar, S. Flieger andM.Walzl for
their help with histological sections, P. M. Maier for helpful com-
ments on the manuscript and two anonymous referees for their
valuable input. Our study received ﬁnancial support from the
Austrian Science Fund (FWF): W1234 and P25612.References
Asay, M. J., Harowicz, P. G., & Su, L. (2005). Chemically mediated mate recognition in
the tailed frog (Ascaphus truei). In R. T. Mason, M. P. LeMaster, & D. Müller-
Schwarze (Eds.), Chemical Signals in Vertebrates 10 (pp. 24e31). New York:
Springer.
Baird, I. L. (1951). An anatomical study of certain salamanders of the genus Pseu-
doeurycea. University of Kansas Scientiﬁc Bulletin, 34, 221e265.
Bee, M. A., & Micheyl, C. (2008). The cocktail party problem: what is it? How can it
be solved? and why should animal behaviorists study it? Journal of Comparative
Psychology, 122(3), 235e251.
Belanger, R., & Corkum, L. (2009). Review of aquatic sex pheromones and chemical
communication in anurans. Journal of Herpetology, 43(2), 184e191.
Benzekri, N. A., & Reiss, J. O. (2012). Olfactory metamorphosis in the coastal tailed
frog Ascaphus truei (Amphibia, Anura, Leiopelmatidae). Journal of Morphology,
273(1), 68e87.
Boeckle, M., Preininger, D., & H€odl, W. (2009). Communication in noisy environ-
ments I: acoustic signals of Staurois latopalmatus Boulenger 1887. Herpetologica,
65(2), 154e165.
Bradbury, J. W., & Vehrencamp, S. L. (2011). Principles of animal communication (2nd
ed.). Sunderland, MA: Sinauer Associates.
Bucher, T. L., Ryan, M. J., & Bartholomew, G. A. (1982). Oxygen consumption during
resting, calling, and nest building in the frog Physalaemus pustulosus. Physio-
logical Zoology, 55, 10e22.
Byrne, P., & Keogh, J. (2007). Terrestrial toadlets use chemosignals to recognize
conspeciﬁcs, locate mates and strategically adjust calling behaviour. Animal
Behaviour, 74(5), 1155e1162.
Caldwell, M. S., Johnston, G. R., McDaniel, J. G., & Warkentin, K. M. (2010). Vibra-
tional signaling in the agonistic interactions of red-eyed treefrogs. Current
Biology, 20(11), 1012e1017.
Cardoso, A. J., & Heyer, W. R. (1995). Advertisement, aggressive, and possible seismic
signals of the frog Leptodactylus syphax (Amphibia, Leptodactylidae). Alytes,
13(2), 67e76.
Chivers, D. P., & Smith, R. J. F. (1998). Chemical alarm signalling in aquatic predator-
prey systems: a review and prospectus. Ecoscience, 5(3), 338e352.
Cummings, M. E., Bernal, X. E., Reynaga, R., Rand, A. S., & Ryan, M. J. (2008). Visual
sensitivity to a conspicuous male cue varies by reproductive state in Phys-
alaemus pustulosus females. Journal of Experimental Biology, 211(8), 1203e1210.
Dorcas, M. E., Price, S. J., Walls, S. C., & Barichivich, W. J. (2010). Auditory monitoring
of anuran populations. In K. C. Dodd (Ed.), Amphibian ecology and conservation:
A handbook of techniques (pp. 281e298). Oxford, U.K.: Oxford University Press.Dudley, R., & Rand, A. S. (1991). Soundproduction and vocal sac inﬂation in the túngara
frog, Physalaemus pustulosus (Leptodactylidae). Copeia, 1991(2), 460e470.
Duellman, W. E., & Trueb, L. (1986). Biology of amphibians. New York: McGraw-Hill.
Eisthen, H. L., & Polese, G. (2007). Evolution of vertebrate olfactory subsystems. In
J. H. Kaas (Ed.), Evolution of nervous systems (Vol. 2, pp. 355e406). Oxford, U.K.:
Academic Press.
Endler, J. A. (1992). Signals, signal conditions, and the direction of evolution.
American Naturalist, Supplement: Sensory Drive, 139, S125eS153.
Endler, J. A. (1993). Some general comments on the evolution and design of animal
communication systems. Philosophical Transactions of the Royal Society of Lon-
don. Series B: Biological Sciences, 340(1292), 215e225.
Fitch, H. S., & Hillis, D. M. (1984). The Anolis Dewlap: interspeciﬁc variability and
morphological associations with habitat. Copeia, 2, 315e323.
Flowers, M. A., & Graves, B. M. (1997). Juvenile toads avoid chemical cues from
snake predators. Animal Behaviour, 53(3), 641e646.
Fontana, M. F., Ask, K. A., Macdonald, R. J., Carnes, A. M., & Staub, N. L. (2006). Loss of
traditional mucous glands and presence of a novel mucus-producing granular
gland in the plethodontid salamander Ensatina eschscholtzii. Biological Journal of
the Linnean Society, 87(3), 469e477.
Gans, C. (1970). Respiration in early tetrapods e the frog is a red herring. Evolution,
24(4), 723e734.
Gans, C. (1973). Sound production in the Salientia. American Zoologist, 13, 1179e1194.
Gaucher, P. (2002, February 12). Premieres donnees sur Phrynohyas hadroceps,
rainette arboricole du plateau des Guyanes (Amphibia: Anura: Hylidae) (Revision
taxonomique, Eco-Ethologie de la reproduction) (Unpublished Master's thesis).
Paris, France: Ecole pratique des hautes etudes, Sciences de la Vie et de la Terre.
Gerhardt, H. C., & Huber, F. (2002). Acoustic communication in insects and anurans:
Common problems and diverse solutions. Chicago, IL: University of Chicago Press.
Gerhardt, H. C., & Schwartz, J. J. (2001). Auditory tuning and frequency preferences
in anurans. In M. J. Ryan (Ed.), Anuran communication (pp. 73e85). Washington
DC: Smithsonian Institution Press.
Gomez, D., Richardson, C., Lengagne, T., Plenet, S., Joly, P., Lena, J.-P., et al. (2009).
The role of nocturnal vision in mate choice: females prefer conspicuous males
in the European tree frog (Hyla arborea). Proceedings of the Royal Society B:
Biological Sciences, 276(1666), 2351e2358.
Gridi-Papp, M. (2008). The structure of vocal sounds produced with the mouth
closed or with the mouth open in treefrogs. Journal of the Acoustical Society of
America, 123(5), 2895e2902.
Haddad, C. F. B., Faivovich, J., & Garcia, P. C. (2005). The specialized reproductive
mode of the treefrog Aplastodiscus perviridis (Anura: Hylidae). Amphibia-Rep-
tilia, 26(1), 87e92.
Halfwerk, W., Jones, P. L., Taylor, R. C., Ryan, M. J., & Page, R. A. (2014). Risky ripples
allow bats and frogs to eavesdrop on a multisensory sexual display. Science, 343,
413e416.
Hayes, M., & Krempels, D. (1986). Vocal sac variation among frogs of the genus Rana
from western North America. Copeia, 1986(4), 927e936.
Hedin, P. A., Maxwell, F. G., & Jenkins, J. N. (1974). Insect plant attractants, feeding
stimulants, repellents, deterrents and other related factors affecting insect
behavior. In F. G. Maxwell, & F. A. Harris (Eds.), Proceedings, Summer Institute on
Biological Control of Plants and Diseases (pp. 494e527). Jackson, MI: Mississippi
University Press.
Hews, D. K. (1988). Alarm response in larval western toads, Bufo boreas: release of
larval chemicals by a natural predator and its effect on predator capture efﬁ-
ciency. Animal Behaviour, 36(1), 125e133.
Hilton, W. A. (1902). A structural feature connected with the mating of Diemyctulus
viridescens. American Naturalist, 34, 643e651.
Hirschmann, W., & H€odl, W. (2006). Visual signaling in Phrynobatrachus krefftii
Boulenger, 1909 (Anura: Ranidae). Herpetologica, 62(1), 18e27.
Houck, L. D. (1998). Integrative studies of amphibians: from molecules to mating.
American Zoologist, 38(1), 108e117.
Houck, L. D. (2009). Pheromone communication in amphibians and reptiles. Annual
Review of Physiology, 71, 161e176.
Houck, L. D., & Reagan, N. L. (1990). Male courtship pheromones increase female
receptivity in a plethodontid salamander. Animal Behaviour, 39(4), 729e734.
H€odl, W. (1990). Reproductive diversity in Amazonian lowland frogs. Fortschritte der
Zoologie, 38, 41e60.
H€odl, W. (1991). Calling behaviour and spectral stratiﬁcation in dart-poison frogs
(Dendrobatidae). Wien: Austrian Federal Institute of Scientiﬁc Film (€OWF).
Retrieved from: http://www.amphibiaweb.org.
Jungblut, L. D., Pozzi, A. G., & Paz, D. A. (2012). A putative functional vomeronasal
system in anuran tadpoles. Journal of Anatomy, 221(4), 364e372.
Juola, F. A., McGraw, K. J., & Dearborn, D. C. (2008). Carotenoids and throat pouch
coloration in the great frigatebird (Fregata minor). Comparative Biochemistry and
Physiology, Part B, 149(2), 370e377.
Kikuyama, S., Yamamoto, K., Iwata, T., & Toyoda, F. (2002). Peptide and protein
pheromones in amphibians. Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology, 132(1), 69e74.
Kime, N., Turner, W., & Ryan, M. J. (2000). The transmission of advertisement calls in
Central American frogs. Behavioral Ecology, 11(1), 71e83.
King, J. D., Rollins-Smith, L. A., Nielsen, P. F., John, A., & Conlon, J. M. (2005). Charac-
terization of a peptide from skin secretions of male specimens of the frog, Lep-
todactylus fallax that stimulates aggression inmale frogs. Peptides, 26(4), 597e601.
Klein, B. A., Stein, J., & Taylor, R. C. (2012). Robots in the service of animal behavior.
Communicative & Integrative Biology, 5(5), 466e472.
I. Starnberger et al. / Animal Behaviour 97 (2014) 281e288 287Krebs, J. R., & Dawkins, R. (1984). Animal signals: mind-reading and manipulation.
In J. R. Krebs, & N. B. Davies (Eds.), Behavioural ecology: An evolutionary approach
(2nd ed.), (Vol. 2, pp. 380e402). Oxford, U.K.: Blackwell.
Leal, M., & Fleishman, L. J. (2004). Differences in visual signal design and detect-
ability between allopatric populations of Anolis lizards. American Naturalist,
163(1), 26e39.
Lenzi-Mattos, R., Antoniazzi, M., Haddad, C. F. B., Tambourgi, D., Rodrigues, M. T., &
Jared, C. (2005). The inguinal macroglands of the frog Physalaemus nattereri
(Leptodactylidae): structure, toxic secretion and relationship with deimatic
behaviour. Journal of Zoology, 266(4), 385e394.
Lewis, E., Narins, P. M., Cortopassi, K., Yamada, W., Poinar, E., Moore, W., et al.
(2001). Do male white-lipped frogs use seismic signals for intraspeciﬁc
communication? Integrative and Comparative Biology, 41(5), 1185e1193.
Liu, C. (1935). Types of vocal sac in the Salientia. Proceedings of the Boston Society of
Natural History, 41, 19e40.
L€otters, S., Schick, S., Scheelke, K., Teege, P., Kosuch, J., Rotich, D., et al. (2004). Bio-
sketches and partitioning of sympatric reed frogs, genus Hyperolius (Amphibia;
Hyperoliidae), in two humid tropical African forest regions. Journal of Natural
History, 38(15), 1969e1997.
de Luna, A., H€odl, W., & Amezquita, A. (2010). Colour, size and movement as visual
subcomponents in multimodal communication by the frog Allobates femoralis.
Animal Behaviour, 79(3), 739e745.
Malacarne, G., & Giacoma, C. (1986). Chemical signals in European newt courtship.
Italian Journal of Zoology, 53(1), 79e83.
Martin, W. F., & Gans, C. (1972). Muscular control of the vocal tract during release
signaling in the toad Bufo valliceps. Journal of Morphology, 137(1), 1e27.
Narins, P. M., Grabul, D. S., Soma, K., Gaucher, P., & H€odl, W. (2005). Cross-modal
integration in a dart-poison frog. Proceedings of the National Academy of Sci-
ences, 102(7), 2425e2429.
Narins, P. M., H€odl, W., & Grabul, D. S. (2003). Bimodal signal requisite for agonistic
behavior in a dart-poison frog, Epipedobates femoralis. Proceedings of the Na-
tional Academy of Sciences, 100(2), 577e580.
Noble, G. K. (1929). The relation of courtship to the secondary sexual characters of
the two-lined salamander, Eurycea bislineata (Green). American Museum of
Natural History, 362, 1e5.
Partan, S. R., & Marler, P. (2005). Issues in the classiﬁcation of multimodal
communication signals. American Naturalist, 166(2), 231e245.
Pasukonis, A., Loretto, M.-C., Landler, L., Ringler, M., & H€odl, W. (2014). Homing
trajectories and initial orientation in a Neotropical territorial frog, Allobates
femoralis (Dendrobatidae). Frontiers in Zoology, 11(1), 29.
Pauly, G. B., Bernal, X. E., Rand, A. S., & Ryan, M. J. (2006). The vocal sac increases call
rate in the túngara frog Physalaemus pustulosus. Physiological and Biochemical
Zoology, 79(4), 708e719.
Pearl, C. A., Adams, M. J., Schuytema, G. S., & Nebeker, A. V. (2003). Behavioral
responses of anuran larvae to chemical cues of native and introduced
predators in the Paciﬁc Northwestern United States. Journal of Herpetology,
37(3), 572e576.
Pearl, C. A., Cervantes, M., Chan, M., Ho, U., Shoji, R., & Thomas, E. O. (2000). Evi-
dence for a mate-attracting chemosignal in the dwarf African clawed frog
Hymenochirus. Hormones and Behavior, 38(1), 67e74.
Poth, D., Peram, P. S., Vences, M., & Schulz, S. (2013). Macrolides and alcohols as
scent gland constituents of the Madagascan frog Mantidactylus femoralis and
their intraspeciﬁc diversity. Journal of Natural Products, 76(9), 1548e1558.
Poth, D., Wollenberg, K. C., Vences, M., & Schulz, S. (2012). Volatile amphibian
pheromones: macrolides from mantellid frogs from Madagascar. Angewandte
Chemie International Edition, 51, 2187e2190.
Preininger, D., Boeckle, M., Freudmann, A., Starnberger, I., Sztatecsny, M., & H€odl, W.
(2013). Multimodal signaling in the small torrent frog (Micrixalus saxicola) in a
complex acoustic environment. Behavioral Ecology and Sociobiology, 67(9),
1449e1456.
Prestwich, K. N., Lenihan, K. M., & Martin, D. M. (2000). The control of carrier fre-
quency in cricket calls: a refutation of the subalar-tegminal resonance/auditory
feedback model. Journal of Experimental Biology, 203(3), 585e596.
Rajchard, J. (2005). Sex pheromones in amphibians: a review. Veterinary Medi-
cineeCzech, 50(9), 385e389.
Rand, A. S. (1988). An overview of anuran acoustic communication. In B. Fritzsch,
M. J. Ryan, W. Wilczynski, T. E. Hetherington, & W. Walkowiak (Eds.), The
evolution of the amphibian auditory system (pp. 415e431). New York: J. Wiley.
Rand, A. S., & Dudley, R. (1993). Frogs in helium: the anuran vocal sac is not a cavity
resonator. Physiological Zoology, 66(5), 793e806.
Reiss, J. O., & Eisthen, H. L. (2008). Comparative anatomy and physiology of chemical
senses in amphibians. In J. G. M. Thewissen, & S. Nummela (Eds.), Sensory
evolution on the threshold: Adaptations in secondarily aquatic vertebrates. Ber-
keley, CA: University of California Press.
Richardson, C., & Lengagne, T. (2010). Multiple signals and male spacing affect fe-
male preference at cocktail parties in treefrogs. Proceedings of the Royal Society
B: Biological Sciences, 277, 1247e1252.
Richardson, C., Gomez, D., Durieux, R., Thery, M., Joly, P., Lena, J.-P., et al. (2010).
Hearing is not necessarily believing in nocturnal anurans. Biology Letters, 6(5),
633e635.
Richardson, C., Popovici, J., Bellvert, F., & Lengagne, T. (2009). Conspicuous colour-
ation of the vocal sac of a nocturnal chorusing treefrog: carotenoid-based?
Amphibia-Reptilia, 30(4), 576e580.Rosenthal, G. G., Rand, A. S., & Ryan, M. J. (2004). The vocal sac as a visual cue in
anuran communication: an experimental analysis using video playback. Animal
Behaviour, 68(1), 55e58.
R€odel, M.-O., Kosuch, J., Veith, M., & Ernst, R. (2003). First record of the genus
Acanthixalus Laurent, 1944 from the upper Guinean rain forest, West Africa,
with the description of a new species. Journal of Herpetology, 37(1), 43e52.
Ryan, M. J. (1985). The túngara frog: A study in sexual selection and communication.
Chicago, IL: University of Chicago Press.
Ryan, M. J., & Keddy-Hector, A. (1992). Directional patterns of female mate choice
and the role of sensory biases. American Naturalist, Supplement: Sensory Drive,
139, S4eS35. JSTOR.
Schiøtz, A. (1999). Treefrogs of Africa. Frankfurt am Main, Germany: Edition
Chimaira.
Schmidt, A., & Wake, M. H. (1990). Olfactory and vomeronasal systems of caecilians
(Amphibia: Gymnophiona). Journal of Morphology, 205(3), 255e268.
Schulte, L. M., Yeager, J., Schulte, R., Veith, M., Werner, P., Beck, L. A., et al. (2011). The
smell of success: choice of larval rearing sites by means of chemical cues in a
Peruvian poison frog. Animal Behaviour, 81(6), 1147e1154.
Seidel, B., Yamashita, M., Choi, I. H., & Dittami, J. (2001). Water wave communication
in the genus Bombina (Amphibia). Advances in Space Research, 28(4), 589e594.
Shannon, C. E. (1948). A mathematical theory of communication. Bell System
Technical Journal, 27, 379e423.
Sinsch, U. (1990). Migration and orientation in anuran amphibians. Ethology Ecology
& Evolution, 2(1), 65e79.
Starnberger, I., Poth, D., Peram, P. S., Schulz, S., Vences, M., Knudsen, J., et al. (2013).
Take time to smell the frogs: vocal sac glands of reed frogs (Anura: Hyper-
oliidae) contain species-speciﬁc chemical cocktails. Biological Journal of the
Linnean Society, 110(4), 828e838.
Starnberger, I., Preininger, D., & H€odl, W. (2014). From uni- to multimodality: to-
wards an integrative view on anuran communication. Journal of Comparative
Physiology A. http://dx.doi.org/10.1007/s00359-014-0923-1.
Summey, M. R., & Mathis, A. (1998). Alarm responses to chemical stimuli from
damaged conspeciﬁcs by larval anurans: tests of three neotropical species.
Herpetologica, 402e408.
Sztatecsny, M., Strondl, C., Baierl, A., Ries, C., & H€odl, W. (2010). Chin up: are the
bright throats of male common frogs a condition-independent visual cue?
Animal Behaviour, 79(4), 779e786.
Taylor, R. C., Klein, B. A., & Michael, J. (2011). Inter-signal interaction and uncertain
information in anuran multimodal signals. Current Zoology, 57, 153e161.
Taylor, R. C., Klein, B. A., Stein, J., & Ryan, M. J. (2008). Faux frogs: multimodal sig-
nalling and the value of robotics in animal behaviour. Animal Behaviour, 76(3),
1089e1097.
Taylor, R. C., & Ryan, M. J. (2013). Interactions of multisensory components
perceptually rescue Túngara frog mating signals. Science, 341, 273e274.
Thomas, E. O., Tsang, L., & Licht, P. (1993). Comparative histochemistry of the
sexually dimorphic skin glands of anuran amphibians. Copeia, 1993(1),
133e143.
Tobias, M., Barnard, C., O'Hagan, R., Horng, S., Rand, M., & Kelley, D. (2004). Vocal
communication between male Xenopus laevis. Animal Behaviour, 67(2), 353e365.
Toledo, L. F., Martins, I. A., Bruschi, D. P., Passos, M. A., Alexandre, C., & Haddad, C. F. B.
(2014). The anuran calling repertoire in the light of social context. Acta Ethologica,
1e13.
Toyoda, F., Yamamoto, K., Iwata, T., Hasunuma, I., Cardinali, M., Mosconi, G., et al.
(2004). Peptide pheromones in newts. Peptides, 25(9), 1531e1536.
Treer, D., Van Bocxlaer, I., Matthijs, S., Du Four, D., Janssenswillen, S., Willaert, B.,
et al. (2013). Love is blind: indiscriminate female mating responses to male
courtship pheromones in newts (Salamandridae). PLoS One, 8(2), e56538.
Truffelli, G. T. (1952). A macroscopic and microscopic study of the mental hedonic
gland-clusters of some plethodontid salamanders (Unpublished doctoral thesis).
U.S.A.: University of Kansas.
Vaccaro, E., Feldhoff, P., Feldhoff, R., & Houck, L. D. (2010). A pheromone mechanism
for swaying female mate choice: enhanced afﬁnity for a sexual stimulus in a
woodland salamander. Animal Behaviour, 80, 983e989.
Vasquez, T., & Pfennig, K. (2007). Looking on the bright side: females prefer
coloration indicative of male size and condition in the sexually dichromatic
spadefoot toad, Scaphiopus couchii. Behavioral Ecology and Sociobiology, 62(1),
127e135.
Wabnitz, P., Bowie, J. H., Tyler, M. J., Wallace, J. C., & Smith, B. (1999). Animal
behaviour: aquatic sex pheromone from a male tree frog. Nature, 401(6752),
444e445.
Waldman, B., & Bishop, P. J. (2004). Chemical communication in an archaic anuran
amphibian. Behavioral Ecology, 15(1), 88e93.
Warbeck, A., Breiter, I., & Parzefall, J. (1996). Evidence for chemical communication
in the aquatic caecilian Typhlonectes natans (Typhlonectidae, Gymnophiona).
Memoires de biospeologie, 23, 37e41.
Warbeck, A., & Parzefall, J. (2001). Mate recognition via waterborne chemical cues
in the viviparous Caecilian Typhlonectes natans (Amphibia: Gymnophiona). In
A. Marchlewska-Koj, J. J. Lepri, & D. Müller-Schwarze (Eds.), Chemical signals in
vertebrates (Vol. 9, pp. 263e268). Boston, MA: Springer.
Wells, K. D. (1977). The social behaviour of anuran amphibians. Animal Behaviour,
25, 666e693.
Wells, K. D. (1988). The effect of social interactions on anuran vocal behavior. In
B. Fritzsch, W. Wilczynski, M. J. Ryan, T. E. Hetherington, & W. Walkowiak (Eds.),
The evolution of the amphibian auditory system (pp. 433e454). New York: J.
Wiley.
I. Starnberger et al. / Animal Behaviour 97 (2014) 281e288288Wells, K. D. (2007). The ecology and behavior of amphibians. Chicago, IL: The Uni-
versity of Chicago Press.
Wells, K. D., & Schwartz, J. J. (1982). The effect of vegetation on the propagation of calls
in the neotropical frog Centrolenella ﬂeischmanni. Herpetologica, 38(4), 449e455.
Woodley, S. K. (2010). Pheromonal communication in amphibians. Journal of
Comparative Physiology A: Neuroethology, Sensory, Neural, and Behavioral Physi-
ology, 196, 713e727.Woodley, S. K. (2014). Chemical signaling in amphibians. In C. Mucignat-Caretta
(Ed.), Neurobiology of chemical communication. Boca Raton, FL: CRC Press.
Zeyl, J. N., & Laberge, F. (2011). Multisensory signals trigger approach behaviour in
the ﬁre-bellied toad Bombina orientalis: sex differences and call speciﬁcity.
Zoology, 114(6), 369e377.
